Mammalian reproduction and development can be analysed from a variety of different perspectives. A particularly powerful approach, which unites physiological, genetic and evolutionary approaches to the study of mammalian reproduction and embryonic development, is provided by the concept of genetic conflict. The theory of parent-offspring conflict (Trivers, 1974) provides a conceptual framework that unites diverse aspects of mammalian development such as fetal growth control, parental imprinting, X chromosome inactivation, the immunology and endocrinology of pregnancy, and neonatal behaviour (Moore and Haig, 1991; Haig, 1992 Haig, , 1993 Moore et al., 1995) . Moreover, the aetiologies of some significant complications of human pregnancy, such as maternal gestational diabetes and preeclampsia, have been reinterpreted in the light of this theory (Haig, 1993) .
In this article, our aim is to review previous work on the relevance of the 'conflict' hypothesis to the study of parental imprinting, to argue that this hypothesis may explain why the manipulation of early mammalian embryos in vitro frequently results in a range of abnormalities, with aberrant growth predominating. Specifically, we propose that such abnormalities reflect genetic conflict between maternal and paternal alleles over the fetal growth programme, and that manipulations during preimplantation development in vitro may coincide with a particularly sensitive period of programming of growth-related genes. To develop this argument, we briefly outline some of the principal concerns of the theory of parent-offspring conflict, and their relation to the more significant features of parental imprinting.
Genetic conflict and parental imprinting
The gene is the unit of selection. Particular genes benefit because they encode 'selfish' strategies that ensure their own preferential survival and propagation to future generations (Dawkins, 1976) . However, since genes that are in conflict must compete for a limited pool of resources, genes that are related by descent from a common ancestor may benefit by adopting less 'selfish' strategies, if this results in a mutual increase in propagation to future generations (so-called 'kin selection '; Hamilton, 1964) . Kin selected genes will benefit by behaving less 'selfishly' in direct proportion to the extent that they are competing with relatives.
During pregnancy, the amount of nutrients transferred from the mother to the fetus will affect both the mother's future breeding potential, and the survival of the fetus. In general, an increase in nutrient transfer will be correlated negatively with future maternal breeding success, but positively with survival of the current fetus. In other words, increasing the chances of survival of the current fetus (or litter) is achieved at a cost of reduced ability to provision subsequent pregnancies. This tradeoff between current and future reproduction lies at the heart of the conflict theory of parent-offspring interactions (Trivers, 1974) . The less genetically related an individual is to its siblings, the more 'selfish' it is predicted to be in eliciting nutrients for itself, at their expense. In general, it is predicted that offspring will demand more resources than their parents are selected to give. This asymmetry between offspring and parental optima has important consequences for our understanding of mammalian reproduction because it predicts the existence of maternal mechanisms for reducing the extent to which offspring successfully elicit nutrients through the placenta and mammary gland (Moore and Haig, 1991; Haig, 1993) .
Genetic relatedness between siblings is reduced in polygamous mating systems. As Haig and colleagues have argued, the occurrence of mixed paternity in mammalian reproduction reduces the probability that paternal alleles in a current fetus will be related to paternal alleles in future pregnancies. Thus, paternally derived fetal alleles are selected to demand more resources from the mother than maternally derived alleles, and this selection differential will favour the evolution of parental imprinting, which results in conflicting expression patterns of Parental (genomic) imprinting is the process by which the differential expression of maternal and paternal alleles at certain genetic loci in mammalian embryos occurs. Such loci are implicated in the control of fetal, placental and neonatal growth, and, more generally, in diverse aspects of fetal nutrient acquisition and maternal-fetal interactions. Not surprisingly, the aberrant expression of imprinted genes is implicated in a range of embryonic and fetal abnormalities. We outline how an evolutionary theory, based on classic parent-offspring conflict theory, relates to certain fetal growth abnormalities. In particular, we suggest that growth abnormalities resulting from the manipulation of preimplantation mammalian embryos in vitro (for example large calf syndrome) may reflect the occurrence of genetic conflict over the fetal growth programme in the early preimplantation period. maternal and paternal alleles at fetal genetic loci (Haig and Westoby, 1989; Moore and Haig, 1991; Haig, 1992) .
At the mechanistic level, parental imprinting is defined as the process by which the expression of certain genes depends on the sex of the parent from which they are inherited (Monk, 1988; Reik, 1989; Sapienza, 1990) . Parental allele-specific expression patterns during mammalian development are thought to result from the acquisition at certain genetic loci of different epigenetic modifications (imprints) in the parental germlines. One of the likely molecular components of the imprinting mechanism is the methylation of DNA at CpG dinucleotides, a view that is supported by the description of putative DNA methylation germline imprints in the Igf2r (Stoger et al., 1993) , H19 (Tremblay et al., 1995) and Xist (Norris et al., 1994; Ariel et al., 1995; Zuccotti and Monk, 1995) genes.
Although the proximate functions of the products encoded by a significant proportion of imprinted genes are largely unknown, mice that are null mutants for Igf2, Igf2r and H19 exhibit marked growth phenotypes (for review see Efstratiadis, 1994) . Moreover, a range of classic nuclear transfer experiments (Barton et al., 1984; McGrath and Solter, 1984) and the phenotypes associated with uniparental disomies (Cattanach and Kirk, 1985; Cattanach and Beechy, 1990) suggest that, as a group, imprinted genes can be strongly implicated in fetal and placental growth. Moreover, there is a strong correlation between preferential paternal expression at loci that enhance growth, and preferential maternal expression at loci that reduce growth. These observations are consistent with the predictions of the theory of parent-offspring conflict.
Germline imprinting, zygotic reprogramming?
Genetic loci that are in conflict will benefit by altering the expression of genes that encode opposing strategies. It is therefore predicted that some maternally or paternally imprinted genes encode mechanisms that attempt to reprogram the expression of oppositely imprinted genes. Such modifiers of the expression of imprinted genes may act by altering established germline imprints. Clearly, maternal modifiers of paternal imprints (and vice versa) can act only after fertilization, when both sets of parental alleles share the same cytoplasm. Moore and Haig (1991) argued that the period immediately after fertilization may be a particularly crucial period of imprint reprogramming, because maternal genes have the considerable advantage of encoding all components of the oocyte cytoplasm, in which paternal alleles must reside for several cleavage divisions, before paternally derived zygotic gene products accumulate. In essence, paternal alleles spend several cleavage divisions in a continuation of the maternal germline after fertilization, and the conflict theory predicts that a considerable degree of reprogramming of paternal germline imprints may occur at this stage. Conversely, paternal genes may encode mechanisms for modifying imprints on maternal alleles, or for resisting maternal reprogramming of paternal alleles. Initially, at least, such paternal gene products must be introduced into the oocyte from the sperm cytosol at fertilization. A variety of factors present in sperm cytosol may act as 'selfish' elements by influencing some aspect of imprint reprogramming, or by instigating a growth advantage during early development (Moore and Haig, 1991; Hurst, 1994) .
The conflict theory therefore predicts that, during the early cleavage stages, imprints on both maternal and paternal chromosomes may be modified. Furthermore, an initial maternally encoded imprint-modification strategy, targeted to a paternal chromosome, may be reversed at a later stage when paternally encoded gene products accumulate. It is predicted that such apparently paradoxical modifications of imprints influence gene expression at genetic loci that determine aspects of fetal and placental growth, and neonatal suckling behaviour and nutrient metabolism. In summary, it is predicted that oocyte cytoplasm contains maternal gene products that target paternal alleles, and paternal gene products from spermatozoa may resist such modifications, or modify maternal alleles directly (Fig. 1) . Such postulated modifications may involve alterations in DNA methylation (Reik et al., 1995a) or chromatin structure (Singh, 1995) .
There is substantial evidence of genome-wide remodelling of chromosomes in the early period after fertilization, and there is evidence that some germline imprints undergo modification during this period. Sperm chromatin is extensively restructured after fertilization, using chromatin components present in the egg cytoplasm (Perreault, 1992) , and the genome-wide demethylation that occurs during preimplantation development (Howlett and Reik, 1991) may be an active catalytic process (Kafri et al., 1993) , which may alter germline imprints at some loci. At later stages, zygotic gene expression from either set of parental alleles may further modify imprints on either chromosome set. A detailed analysis of DNA methylation of imprinted genes in early development has demonstrated that methylation imprints are extensively remodelled after fertilization (Razin and Shemer, 1995 Riggs and A. Razin, unpublished) . It is worth noting that, while allelic methylation of imprinted genes may be extensively (and variously) remodelled between fertilization and the blastocyst stage, non-imprinted genes undergo an invariant global demethylation by the morula to blastocyst stage, and remethylation is not observed until around gastrulation. This provides a basis for the differential susceptibility of imprinted and non-imprinted genes to environmental influences in the preimplantation period.
Results of transgenic experiments in mice suggest that there are imprinted genes that can modify imprints at other genetic loci (Reik et al., 1995a) ; the occurrence of imprinted genes that encode proteins with DNA-binding capability, such as WT1, ZNF127 and Mash2, also supports this contention (for review see Efstratiadis, 1994) . In addition, the expression of the paternally imprinted Xist may depend on the expression of a maternally expressed modifier gene (Kay et al., 1994) , and the deletion of H19 on the maternal chromosome results in aberrant allelespecific methylation of Igf2 (Leighton et al., 1995) , suggesting that H19 can be described formally as a modifier of methylation.
Nuclear-cytoplasmic interactions in early development
Despite the current lack of information at the mechanistic level, several experiments (chiefly carried out in mice) support the predictions of the conflict theory in relation to the occurrence of imprint-reprogramming of growth-related genes. First, Latham and Solter (1991) showed that androgenetic development is influenced by interactions between genotype-specific oocyte cytoplasmic factors and paternal chromosomes. Interactions between oocyte cytoplasm and paternal alleles have also been revealed in another genetic system (the DDK mutant; Babinet et al., 1990) . Second, Reik et al. (1993) demonstrated that such nuclear-cytoplasmic interactions greatly influence subsequent growth rates, possibly by altering the degree of DNA methylation at growth-related genetic loci.
It is unclear as to what extent sperm cytosol-derived factors influence subsequent development in mammals. Theoretically, a comparison of the development of parthenogenetic and gynogenetic embryos should address this question; however, the highly variable development of these two groups, coupled with early lethality, makes this comparison virtually impossible. An alternative route to the discovery of 'selfish' sperm factors is the elucidation of the function of previously identified sperm cytosolic components that enter the oocyte at fertilization, and which could conceivably influence some aspect of preimplantation physiology such that subsequent gene expression is altered. In this respect, the mammalian-specific occurrence of iterated calcium oscillations at fertilization, possibly in response to a sperm cytosolic factor (Swann, 1990) , is particularly intriguing, because this (or a similar) factor may become associated with the zygotic nucleus until the two-cell stage (Kono et al., 1995) , and may act to initiate destruction of maturationpromoting factor. Such an action could influence some aspect of the proposed conflict between maternal and paternal alleles : blocking mechanism. Sperm factors act similarly against maternally encoded mechanisms. Such mechanisms may act indirectly. The degree of coincidence of evolutionary 'interests' of nuclear and cytoplasmic factors derived from the same parent may vary in relation to whether haploid or diploid gene expression is involved in the production of the cytoplasmic components. Maternal and paternal strategies are denoted by different colours. Only one chromosome per parent is shown for clarity.
indirectly by, for instance, altering the degree of chromosome condensation, or cell cycle dynamics, such that the exposure of sperm chromosomes to maternal modifiers is reduced. Consistent with the predictions of the conflict hypothesis, the induction of calcium transients in cultured mouse preimplantation embryos (by ethanol treatment) accelerates mitosis, stimulates hatching from the zona pellucida and accelerates trophoblast differentiation and growth (Leach et al., 1993; Stachecki et al., 1994) .
Early manipulations and growth abnormalities
The conflict hypothesis may provide an insight into a range of unusual observations concerning the phenotypic consequences of early embryo manipulation. There is accumulating evidence that simple experimental manipulations of the early embryonic stages of a wide range of mammals result in a variety of startling growth phenotypes. In vitro fertilization, nuclear transfer, and embryo transfer of bovine embryos result in dramatic overgrowth, lengthened gestation, and increased perinatal mortality (the 'large calf syndrome '; Willadsen et al., 1991; Bondioli, 1992; McEvoy et al., 1995) . Manipulation of mouse embryos increases variability in body mass (Biggers and Papaioannou, 1991) , or causes reduced body mass (Bowman and McLaren, 1970; Reik et al., 1993) . In addition, alterations in behaviour and a range of morphophysiological parameters (including increased body mass) have been demonstrated in mice derived from frozen embryos (Dulioust et al., 1995) . Human babies resulting from in vitro fertilization and embryo transfer (IVF-ET) exhibit low birth mass (Doyle et al., 1992) , and hypertension occurs in IVF-ET pregnancies more commonly than in pregnancies conceived spontaneously (Tan et al., 1992) . The primacy of growth defects observed across a range of species in these studies suggests that expression at a variety of growthrelated loci is adversely affected by the manipulation of early embryos. We suggest that the conflict hypothesis provides an a priori reason why such manipulations may result primarily in growth disturbances.
Although nonconflict explanations cannot be ruled out, there is some justification for thinking that such abnormalities may reflect the aberrant reprogramming of imprints, or of the epigenetic state of non-imprinted conflict loci. First, embryonic growth, duration of gestation, and maternal gestational hypertension have been implicated as central components of parentoffspring conflict (Haig, 1993) ; second, embryo culture in vitro may influence imprinting at the mouse H19 locus (H. Sasaki, personal communication); third, there is a precedent for fetal overgrowth due to the aberrant expression of the imprinted IGF2 and H19 genes in the human congenital overgrowth syndrome, Beckwith-Wiedemann syndrome. In sporadic cases of this syndrome, aberrant imprinting may occur due to 'epigenetic accidents' in early development (Reik et al., 1995b) .
The variability in the growth responses following such insults suggests that several genetic loci may be involved, or that the aberrant expression of a smaller number of genes may vary depending on the precise nature or duration of the insult. Species differences in the identity of susceptible loci might also be expected. Clearly, all of these possibilities are consistent with both conflict and nonconflict explanations of these growth anomalies. For example, it would be predicted from the conflict hypothesis that loss of imprinting of Igf2 would enhance fetal growth, whereas loss of imprinting of Igf2r would have the opposite effect. The final growth response to in vitro manipulations may reflect the net outcome of opposing growth phenotypes encoded at several imprinted genetic loci. The challenge now is to determine whether such manipulations result in altered DNA imprints at parentally imprinted genetic loci, whether such alterations result in aberrant expression of these genes (including loss of imprinting), and whether such aberrant expression can account for the growth phenotypes observed. Clearly, the ongoing study of imprinting mechanisms and the existence of null mouse mutants for several imprinted genes will greatly facilitate these studies.
Conclusion
The theory of parent-offspring conflict has wide applicability in the study of mammalian pregnancy, embryonic development and parental imprinting. We have argued that a series of complex imprint-reprogramming events occur during the early preimplantation stages of mammalian development. The theory of parent-offspring conflict predicts that one of the results of such processes will be the alteration of the expression of growthrelated genes. We have reviewed evidence that supports one aspect of the conflict theory -the modification of paternal alleles by maternal cytoplasm -and we suggest that a range of growth abnormalities in humans and in domestic species resulting from a variety of environmental insults to early embryos may reflect disruption of such nuclear-cytoplasmic interactions, or other aspects of parental-allelic conflict during early development. We believe that a detailed molecular analysis of the ongoing processes of epigenetic modification of imprints in early embryos will be a fertile means for elucidating the mechanisms by which environmental insults result in subsequent alterations in growth-related gene expression.
